Background--Despite growing use of the subcutaneous implantable cardioverter-defibrillator (S-ICD), its clinical role in arrhythmogenic right ventricular cardiomyopathy/dysplasia (ARVC/D) patients remains undefined. We aim to elucidate the cardiac phenotype, implant characteristics, and long-term efficacy regarding appropriate therapy and complications in ARVC/D patients with an S-ICD implant.
A rrhythmogenic right ventricular cardiomyopathy/dysplasia (ARVC/D) is an inherited cardiomyopathy characterized by an increased risk of ventricular arrhythmias and sudden cardiac death (SCD).
1 Implantable cardioverter-defibrillator (ICD) therapy for SCD prevention is an integral and effective therapeutic option for ARVC/D patients. 2, 3 Although proven effective in the prevention of SCD, transvenous ICD (TV-ICD) systems are associated with considerable morbidity and long-term lead-related risks, especially in the younger population. [3] [4] [5] To tackle this drawback, an entirely subcutaneous ICD (S-ICD) was developed to lessen or even eliminate these complications associated with TV-ICDs. 6 Several studies have demonstrated that the S-ICD provides reliable and effective detection and termination of ventricular arrhythmias. [7] [8] [9] Over the past 5 years, the S-ICD has emerged as a viable alternative to TV-ICD systems for many inherited disease states. 10, 11 Despite widespread adoption of the S-ICD, 12 its specific clinical role for ARVC/D patients remains undefined. ARVC/D patients are unique because of their younger age, high arrhythmic burden, phenotypic relationship to vigorous activity, specific ECG changes, and right ventricular (RV) cardiomyopathy. 1, 2 Given the need for life-long SCD protection, a detailed appraisal of the distinctive benefits and risks in this population is warranted. Our study aims to addresses this important issue by utilizing a transatlantic cohort of ARVC/D patients who underwent S-ICD implantation. Our first objective was to report the clinical characteristics, cardiac phenotype, and implant characteristics of ARVC/D patients with S-ICD implants. Our second goal was to delineate the long-term efficacy regarding appropriate therapy and to understand complications, especially inappropriate ICD therapy, in ARVC/D patients with S-ICD implantation.
Methods Patient Population
The study population was derived from patients diagnosed with definite ARVC/D 13 and enrolled in either the Johns
Hopkins ARVC/D registry or in the ARVC/D registry maintained by the inherited arrhythmogenic cardiomyopathy unit of the University of Padua (Italy). All patients in these ARVC/D registries who had an S-ICD implant for SCD prevention and were followed for at least 30 days after implantation were included in the study. The study was approved by the respective institutional review boards, and all participants provided written informed consent. The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure. Detailed clinical information regarding demographics, indications for implantation, medication use, and preimplant noninvasive and invasive evaluation (12-lead ECG, 24-hour Holter monitoring, magnetic resonance imaging, echocardiography, and electrophysiology study) was reviewed.
S-ICD Implantation
S-ICD implant characteristics including device and electrode type, defibrillator threshold testing, and device settings (number of zones, rate cutoff) at implant were collected. Hospital records were reviewed to ascertain any periprocedural complications. Decisions regarding S-ICD implantation (incision technique, preimplant screening protocol) and programming of these devices were made by the managing cardiologist and/or electrophysiologist. Surface ECG screening using the customized screening tool was performed and deemed acceptable in all patients at implant.
Clinical outcomes
S-ICD interrogations and captured surface ECG were obtained from referring institutions and individual patients throughout the duration of follow-up. Captured surface ECG tracings from all shock episodes stored in the S-ICD were obtained and reviewed for details (device setting, gain setting, sensing configuration, shock polarity, and device software version at the time of ICD shock). The surface ECGs were reviewed and collaboratively adjudicated by 2 electrophysiologists from each registry. Inappropriate shocks were defined as shocks for any reason other than ventricular tachyarrhythmia at or above the programmed rate zone. Inappropriate shock episodes were reviewed regarding precipitating activity, surface ECG R-wave amplitude, concurrent medication, and clinical management including sensing vector change and/or filtering software update. Inappropriate episodes were classified in the following categories as per prior registry data 7, 14 : (1) supraventricular tachycardia, defined as any supraventricular tachycardia in the conditional or shock zone; (2) cardiac oversensing, defined as Twave oversensing, QRS oversensing, P-wave oversensing, oversensing caused by a low-amplitude signal, and other/ combined types of cardiac oversensing; and (3) noncardiac oversensing, defined as any kind of oversensing caused by noncardiac causes (eg, electromagnetic interference and myopotentials). Long-term outcomes including need for device explanation and/or replacement by transvenous systems were ascertained. What Are the Clinical Implications?
• The data from this study suggest that the subcutaneous implantable cardioverter-defibrillator remains a viable option for prevention of sudden cardiac death in patients with arrhythmogenic right ventricular cardiomyopathy/dysplasia.
• Inappropriate therapy might be minimized by the application of careful patient selection, R-wave amplitude screening at implant, and use of the SMART Pass filter (Boston Scientific).
Episodes of inappropriate therapy were reviewed and verified with the Boston Scientific technical support team. Simulation analysis (included in the Supplementary Data) evaluating the efficacy of SMART Pass Technology (Insight; Boston Scientific) was also performed for the oversensing episodes.
Statistical Analyses
Continuous variables are summarized as either meanAESD or median (interquartile range), as appropriate, and compared using the Student t test or Mann-Whitney test. Categorical data are displayed as frequencies and percentages and compared using a v 2 test. The cumulative probabilities of survival free from first appropriate and inappropriate S-ICD therapy were determined by the Kaplan-Meier method and compared with those of previously published patients in the Hopkins registry who received a TV-ICD, 3 using a log rank test.
All statistical analyses were performed using STATA (v14.2; StataCorp). A 2-sided P≤0.05 was considered significant.
Results

Baseline Phenotype
The patient population consisted of 29 definite 13 Values are meanAESD, n (%), n/N (%), or median (interquartile range). ACEi indicates angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; ARVC/D, arrhythmogenic right ventricular cardiomyopathy/dysplasia; BMI, body mass index; CMR, cardiac magnetic resonance; EPS, electrophysiology study; ICD, implantable cardioverter-defibrillator; LVEF, left ventricular ejection fraction; NSVT, nonsustained ventricular tachycardia; PVC, premature ventricular contraction; RV, right ventricular; RVEF, right ventricular ejection fraction; S-ICD, subcutaneous implantable cardioverter-defibrillator.
prevention for 17 patients (59%), whereas 12 (41%) received a device for secondary prevention of SCD. Table 1 shows the clinical characteristics of patients who underwent S-ICD implant. The study population was mostly white (97%) and about half female (48%). The mean age at S-ICD implantation was 31.4AE16 years (range: 13-78 years), with 21 patients (72%) aged ≤40 years and 5 aged ≤20 years. Figure S1 shows the age distribution of the patients who received an S-ICD, stratified by indication. The overall mean body mass index (BMI; calculated as kg/m 2 ) was 24.3AE3.4 (range: 18-31), with 1 patient (3%) underweight (BMI ≤18) and 1 (3%) obese (BMI >30). Twenty-seven patients (93%) had genetic testing performed, with 16 (59%) harboring a pathogenic mutation. Twenty-two patients were probands ascertained independent of family history of ARVC/D, whereas 7 patients came to attention through cascade family screening. At the time of ICD implantation, 19 (65%) patients were being treated with a b-blocker and 4 (14%) were receiving a membrane-active antiarrhythmic agent. Left ventricular dysfunction (ejection fraction ≤50%) was noted in 10 patients (34%). Among 12 patients who underwent S-ICD implantation for secondary prevention (100% probands), 10 had previously experienced sustained ventricular tachycardia (VT) and 2 had presented with SCD. Electrophysiology study inducibility (75%), frequent Holter ectopy (78%), and nonsustained VT (67%) were seen in most patients in this group. Among those who underwent primary prevention implantation, the majority (69%) had a pathogenic mutation along with major RV structural abnormalities (80%).
S-ICD Implant Characteristics
Thirteen patients were implanted with a first-generation S-ICD (model SQ-RX 1010; Boston Scientific), and 16 patients were implanted the subsequent S-ICD (model A209 and A219; Boston Scientific; Table 2 ). Twenty patients underwent implantation at hospitals in the United States, and 9 were implanted at the University of Padua. At S-ICD implantation, defibrillation testing was attempted in all patients, with ventricular fibrillation (VF) induced in 27 patients (93%). VF could not be induced, even after several attempts, in 2 patients (Table S1 ). Among those with inducible VF, all patients had conversion of the induced VF at an output of 65 J, with 1 patient converting to sinus rhythm at 50 J. Dual-zone programming for tachyarrhythmia detection was performed in all patients.
As shown in Figure 1 , S-ICD implantation was performed as an initial ICD implant in 25 (86%) patients and following explant of a TV-ICD in 4 patients (14%). Three of these patients underwent placement of an S-ICD after having an endocardial lead fracture with subsequent extraction, and 1 patient had the initial TV-ICD extracted because of a device-related infection. Two patients (7%) had superficial infections of the incision site related to the implantation of the S-ICD; one occurred within the first few days after implantation, and the other occurred 5 weeks after S-ICD implant. Both infections were treated with a short course of antibiotics, without the need for surgical revision or explantation of the S-ICD.
Follow-up
Over a median follow-up of 3.16 years (interquartile range: 2.21-4.51 years), 6 patients (20%) received 43 appropriate ICD interventions for a sustained ventricular arrhythmia (4% per year). The median time from ICD implantation to first S-ICD shock was 6 months (range: 1.7-13.9 months). The mean cycle length for the first appropriate intervention was 300.5AE43.41 ms (range: 250-352 ms). The average number of shocks experienced was 7 (range: 1-13), with 2 patients facing VT storms (one successfully treated with amiodarone dose adjustment, the other noted to have severe hypokalemia with arrhythmia-free course after repletion (Table 3) . Table S2 shows the clinical characteristics of the patients experiencing appropriate S-ICD interventions. Figure 2A depicts the appropriate S-ICD therapy-free survival with comparison to patients in the Hopkins registry that have previously been reported to receive a TV-ICD system. 3 S-ICD event-free survival at 1 and 2 years was 84% and 78%, respectively. Figure S2 depicts captured surface ECG tracing from 3 patients who received appropriate S-ICD therapy.
During follow-up, 6 patients (21%) experienced 39 inappropriate shocks at an incidence of 12.3 per 100 patientyears (4.5% per year; Table 3 ). The median time from ICD implant to first inappropriate shock was 4.6 months (interquartile range: 1.9-12.6 months). A second inappropriate shock was experienced by 4 patients (14%). Figure 2B depicts the inappropriate S-ICD therapy-free survival compared with patients in the Hopkins registry who were previously reported as receiving a TV-ICD system. 3 The S-ICD inappropriate shock-free survival at 1 and 2 years was 83% and 77%, respectively. Patients with inappropriate shocks are more likely to be probands with major RV structural abnormalities receiving secondary prevention devices (Table 4) . Oversensing of noncardiac signal (n=4) and cardiac signal (n=4) was the abnormality seen most frequently (Table 3 and Figure 3) . Table S3 provides device characteristics, sensing and software details, precipitating activity, and physician response to the inappropriate shocks in these 6 patients. Surface ECG tracing from 3 patients with no inappropriate shocks showing ≥1 mV R wave on implant surface ECG (best vector) and 3 patients with myopotential oversensing (<1 mV R wave on surface ECG) are depicted in Figures S3 and S4 , respectively. Surface 12-lead ECG from a patient with myopotential oversensing-related inappropriate shock exemplifies low precordial and limb lead QRS amplitude ( Figure S5 ). Simulation studies performed by Boston Scientific technical services to evaluate the utility of the SMART Pass filter during oversensing episodes showed improvement for movement artifact and P/T wave Patients with ARVD/C and a S-ICD n=29
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Explant with no ICD n=1 oversensing but no clear resolution for myopotential-related episodes ( Figure S6A-S6D) . During follow-up, no lead or device dislodgement, infection, skin erosion, or explantation because of need for antitachycardia pacing was noted. At the end of follow-up, 3 patients had the device explanted and opted to have either no ICD (n=1) or a TV-ICD (n=2; Figure 2) . No death or need for transplant occurred in this cohort.
Discussion
Despite expanding use of the S-ICD in clinical practice, 12 lack of systematic data on unique patient and device characteristics and long-term efficacy of this system in ARVC/D patients has hampered the ability to advise patients adequately. Published literature has been limited to a very small number of ARVC/D patients embedded in larger cohorts.
11,12
We describe, for the first time, the clinical experience and value of S-ICD therapy in a transatlantic cohort of 29 ARVC/D patients. The clinical phenotype of ARVC/D patients receiving S-ICD implants with regard to sex, presence of pathogenic mutations, amount of ectopy on Holter, and presence of structural abnormality on magnetic resonance imaging is similar to patients previously considered for a TV-ICD. 3 This finding bolsters generalizability of the study observations toward a target population of ARVC/D patients who qualify for an ICD.
The average age at implant in the study group was 34 years, in contrast to published clinical data that are largely confined to older patients (aged 49-53 years), 8, 9, 12 although data exist for small numbers of younger patients with hypertrophic cardiomyopathy 10 and channelopathies 11 (aged 35-42 years). This has implications because younger patients may derive the most benefit from avoidance of transvenous Total number of AS during follow-up 43 28 (7, 8, 13) 15 (1, 3, 11) Patients with VT/VF storm 2 (7) 1 (13) 1 (11) Management of AS Medication adjustment (90) 3 (10) 2 (12%) 1 (8) Electrolyte replacement (90) 1 (3) 0 (0) 1 (8) Ablation (90) 1 (3) 1 (6) 0 Number of patients with IAS (90) 6 (21) 1 (6) leads, but prior reports suggest a higher inappropriate shock frequency in younger patients. 15 No sex-or race/ethnicitybased differences were present. Of note, ARVC/D patients receiving an S-ICD had lower BMI, with women receiving nearly half of the implants in contrast to major cohorts. 8, 9, 12 It is likely that the female preponderance and younger age of these patients accounts for the lower BMI in our cohort. Similarly, in a prior cohort 16 that included 140 S-ICD patients of whom nearly half had some genetic risk and 40% were women, the mean BMI was 25.2. Though most S-ICD implants are in patients with structural heart disease having an ejection fraction <35%, This study demonstrates that the implantation of an S-ICD system is safe and well tolerated in ARVC/D patients, with only incision-related infection seen in 2 female patients (BMIs of 20 and 25) with the larger, first-generation device. This finding is consistent with prior published 30-day complication data (3.8-4.5%). 9, 12 The results of this study also show that the S-ICD is effective in terminating induced VF in ARVC/D patients. Comparable to prior experience in unselected cohorts, a hypertrophic cardiomyopathy population, and channelopathy patients, 4, 8, 10, 12 all induced tachyarrhythmias during defibrillation threshold testing were successfully converted. All episodes of VT/VF during follow-up were appropriately detected and successfully treated with no episodes of syncope or SCD/sudden cardiac arrest during >4 years of average follow-up. This demonstrates that the S-ICD is an effective long-term option for this population with high arrhythmic risk. The high S-ICD programmed rate cutoff and the multistep discriminative sensing algorithm may minimize therapy for self-limited episodes, allowing many ventricular arrhythmias to self-terminate yet protecting against life threatening VT/VF. In fact, in a matched Dutch cohort, 16 appropriate ICD intervention rates (shocks and antitachycardia pacing) were lower in the S-ICD group, at 17.0% versus 31.3% in the TV-ICD group, without reduction in overall efficacy. No patient in the study had the device removed because of a perceived need for antitachycardia pacing. Patients with slow sustained VT that can be reliably pace terminated before implant on an electrophysiology study may benefit from the antitachycardia pacing ability of a TV-ICD. However, the risk of S-ICD shocks for future slow monomorphic VT (as opposed to successful antitachycardia pacing therapy 17 ) must be weighed against the benefit of circumventing long-term lead-related complications in ARVC/D patients. In addition, the lowest available VT rate cutoff (170 bpm) for the current S-ICD system precludes programming therapy for slow (<170 bpm) ventricular arrhythmias. ARVC/D patients with TV-ICDs are noted to have considerable risk of inappropriate therapy. 3.16 In comparison, a significant minority (21%) of S-ICD patients also experienced inappropriate shocks at a similar rate (4.5% per year; 12.3 per 100 patient-years), leading to device explantation in 3 patients (10%). However, the etiology of the inappropriate shocks was markedly different in the S-ICD recipients. Unlike prior reports, 7,14 the uniformity of 2-zone programming and the S-ICD sensing algorithm resulted in the absence of supraventricular tachycardia-related inappropriate shock. A high proportion (17%) of patients experienced cardiac oversensing (T/P oversensing and R double counting) in contrast to previous studies. 7, 8, 14 The high number of patients with noncardiac, especially myopotential, oversensing is also unique to this report. Noncardiac oversensing is rarely reported (0.09%) 14 in the S-ICD literature, with a handful of patients noted to have electromagnetic interference 7 and lead migration related myopotential oversensing. 8 Isolated case reports describe myopotential oversensing with heavy lifting and clapping, likely caused by pectoral muscle contraction. 18, 19 The RV cardiomyopathy in ARVC/D is associated with low R-wave amplitudes at implantation and R-wave amplitude decline during follow-up in TV-ICD systems. 20 As noted in the surface ECG and 12-lead ECG tracings from implant, it is likely that a low surface ECG R-wave amplitude at implant or follow-up due to underlying RV cardiomyopathy results in an unfavorable signal/noise ratio for appropriate signal processing and filtering. This may uniquely predispose this population to cardiac and/or myopotential oversensing and subsequent inappropriate therapy.
Potential Strategy to Avoid Inappropriate Shocks
First, identification of ARVC/D patients at risk might provide an opportunity to minimize the occurrence of inappropriate shocks. Although not statistically significant because of small numbers, probands with S-ICD implantation for secondary prevention with concomitant significant RV structural abnormalities were more likely to experience inappropriate shocks. It is conceivable that a unique combination of this clinical phenotype would be at a higher risk for future inappropriate shocks. Second, the 2-incision intermuscular technique has been recently shown to be a safe and effective alternative to the standard technique and may help to reduce complications, including inappropriate interventions. 21 Third, noninvasive reprogramming (gain or vector changes) were successful in 50% of the patients in this study. Consequently, it may be desirable to have at least 2 or 3 leads suitable in the S-ICD screening template in ARVC/D patients to facilitate future management of potential device-related oversensing. Fourth, postoperative follow-up visits should include repetitive and rhythmic activity simulation to unmask myopotential oversensing. This may help provide adequate counsel to patients and subsequently reduce future psychological stress. Fifth, targeting a surface ECG R-wave amplitude >1 mV at implant may allow for better discrimination. In a case report of S-ICD repositioning, 22 1-mV R waves led to an acceptable R wave/ noise ratio. Furthermore, it will also be important to track the sensed R-wave amplitude in various vectors on follow-up. Finally, SMART Pass is a recently introduced filter that has been reported to reduce oversensing. 23 Our simulation data suggest that many ARVC/D patients with T/P oversensing would benefit from this technology, and enabling this feature along with future software updates may reduce the likelihood of inappropriate therapy.
Limitations
Inclusion in this study required screening success, and the proportion of patients who failed ECG screening cannot be ascertained. In addition, programming and intraoperative management of patients, such as surgical technique and conversion testing, were not prescriptive. The roles of preimplantation ECG and surface QRS amplitude to screen for potential future oversensing issues require further evaluation in larger cohorts. Similarly, small sample size precludes accurate statistical comparison. The comparison to a TV-ICD population 3 is limited by variable clinical phenotype, absence of matching, and small numbers. Larger prospective studies with a predefined comparable TV-ICD cohort would be needed to accurately define the net clinical benefit or harm from device choice because the current study involves small numbers. Despite these limitations, the data presented are unique in several ways and make an important contribution to the limited published data regarding the clinical performance of these devices in patients with ARVC/D.
Conclusion
In this first systematic analysis of S-ICD performance in the ARVC/D population, pooled data from 29 patients show that the S-ICD can effectively treat both induced and spontaneous VT/ VF. Of note is the lack of significant complications requiring intervention. Although the rate of inappropriate shocks is considerable, it is comparable to patients treated with the TV-ICD. When they occurred, inappropriate shocks were primarily caused by cardiac and, uniquely, noncardiac oversensing. We suggest potential strategies for minimizing inappropriate therapy with the application of careful patient selection, R-wave amplitude screening at implant, and provocative testing at follow-up and provide proof of the utility of the SMART Pass filter.
